Introduction
On 11 March 2011 at 05:46 UTC, a massive Mw 9.0 underwater earthquake occurred 70 km off the eastern coast of Japan. The location of the earthquake was triangulated by the United States Geological Survey (USGS) to 38.322 N 142.369 E, and the hypocentre was computed to 32 km beneath the surface. Figure 1 shows a map of the earthquakes that occurred between 1 and 10 March 2011 (a) and between 11 and 31 March 2011 (b). The earthquake of 11 March generated a tsunami that rapidly hit the eastern coast of Japan and propagated across the Pacific Ocean to the western coast of the Americas. A tsunami warning was issued by the National Oceanic and Atmospheric Agency (NOAA) affecting all countries with coastline along the Pacific. 1 Waves up to 40 m high were reported, and coastal areas were flooded up to several kilometres inland. NOAA models predicted waves higher than 30 m along the eastern coast of Japan, and up to 6 m for the western coast of the United States (NOAA 2011 ). An alternative model from the University of California at Santa Cruz 2 predicted even larger wave heights in certain areas. As a result of the flooding, according to several news reports, thousands of people have been declared dead or missing, and the damages are expected to be on the order of several billion US dollars. On 12 March, the government of Japan requested the activation of the International Charter on Space and Major Disasters (ICSMD). The ICSMD is an international organization whose members are different countries' agencies capable of acquiring and processing satellite imagery (Bessis, Bequignon, and Mahmood 2004) . Its role is to coordinate the distribution of satellite data to relief organizations in response to major disasters. For this particular event, USGS coordinated the US response to the charter activation, tasking satellites to generate high resolution pre-and post-tsunami maps for several affected areas.
Because of our expertise in remote sensing and GIS technologies, the authors were invited to support the data analysis by generating maps for two regions in Iwate Prefecture and one region in Miyagi Prefecture. The analysis consisted of identifying and generating high-resolution maps for selected areas of interest and performing an initial damage assessment using GIS technologies (Voigt and others 2007; Joyce and others 2009; Blaschke 2010) .
Data Analysis
The data used in the present study were downloaded from the Hazards Data Distribution System (HDDS), 3 a Web-based portal maintained by the USGS Center for Earth Resources Observation and Science (EROS) that provides high-resolution imagery data relating to natural hazards. The data are provided in GeoTIFF format for the LANDSAT, GEOEYE, WORLDVIEW, QUICKBIRD, and IKONOS satellites. In addition, data from SPOT, TERRASAT, and ERS-2 were made available by the European Space Agency. Use of these data is restricted; we were granted permission to use the images to support the operations of the ICSMD.
The analysis we performed consisted of identifying suitable pre-and post-tsunami scenes, geo-rectifying them, and making an initial assessment based on the land-cover change caused by the flooding. It was critical to provide the initial damage assessment and the associated imagery within the shortest possible time -on the order of a few hours. The analysis was performed using ESRI ArcGIS 9.3, installed in the Center for Geospatial Intelligence and Geoinformatics at George Mason University. The authors were assigned the analysis of three areas. The latitude and longitude coordinates correspond to the centre of the town provided by the Japanese authorities. image geo-rectification
The geo-rectification of the images was very important because of the high resolution (sub-metre) of the imagery used. High-resolution shapefiles containing information on the coastlines, rivers, and streets were used to adjust the initial geo-location of the images. In addition, the pre-and post-tsunami images were manually corrected using anchor points selected at fixed points, such as bridges, streets, and ports. The methodology used is described elsewhere (Li, Di, and Ma 2005) .
town of ofunato
The town of Ofunato, in Iwate Prefecture, is located on the north-west coast of the island of Honshu, on a small inlet approximately 2 km from open waters. Several news reports described the situation in the area as ''total devastation,'' and according to NOAA, 4 about 3500 homes were destroyed and about 300 people perished.
Satellite data from WORLDVIEW-2 for 2 January 2011 were used to create the map of the area before the tsunami; data from WORLDVIEW-2 for 13 March 2011 were used to assess the damages. The map generated is available for download from the ICSMD Web site. 5
The initial assessment showed extensive flooding and several homes displaced hundreds of metres inland. The port area was particularly affected, and it was possible to distinguish large boats washed inland.
towns of rikuzentakata and otomo
The towns of Rikuzentakata and Otomo are located in Iwate Prefecture, about 10 km south-west of Ofunato, at the end of a bay about 3 km deep and 2 km wide. The tsunami wave channelled in the bay, and as a result the town was described by several news reports as having been ''wiped off the map.''
The BBC reported that between 20% and 40% of the town's population had been killed and 80% of the homes destroyed, effectively erasing the community from the map. Although a final count of the victims is not available at the time of writing, initial estimates put the death toll at more than 10,000 people.
Satellite data from GEOEYE for 29 September 2010 and from WORLDVIEW-2 for 2 January 2011 were used to create the map of the area before the tsunami. Data from WORLDVIEW-2 for 13 March 2011 were used to assess the damages. Figure 2 shows a map generated for this area, available from the ICSMD Web site. 6
A comparison of the top images shows that large areas of land, both urban and agricultural, have become totally submerged. Two bridges visible before the tsunami have collapsed, isolating the eastern and western parts of the city. Several jetties up to 7 m high have been totally destroyed.
A comparison of the bottom two images shows that a dam has failed, as a result of which the area has been flooded and large amounts of soil subsequently released into the sea by the retreating water. This agricultural area will be heavily affected by the seawater flooding: it is expected that it will not be possible to restore the agricultural characteristics of the pre-tsunami period because of the increased salinity of the soil.
town of tagajyou (tagajo # )
The town of Tagajyou is located about 20 km north of Sendai, in Miyagi Prefecture, along the north-west coast of the island of Honshu. Although it is directly on the coast, it is shielded to the north-east by the Oshika Peninsula. The town's port was destroyed, and several fires were reported at a petro-chemical complex.
Satellite data from WORLDVIEW-2 for 4 August 2010 were used to create the map of the area before the tsunami. Data from WORLDVIEW-2 for 14 March 2011 were used to assess the damages. The map generated is available for download from the ICSMD Web site. 7
In the generated maps, it is possible to see hundreds of containers displaced along the port area. Smoke plumes can also be seen at several facilities. The southern part of the map also shows that a large area visible in the August image is totally flooded and not distinguishable in the March image.
Conclusions
We have described above the maps and initial damage assessment that we were invited by the USGS to perform for the ICSMD, activated in response to the March 2011 tsunami that affected the eastern coast of Japan. We analysed the Japanese towns of Ofunato, Rikuzentakata, and Otomo in Iwate Prefecture and the town of Tagajyou in Miyagi Prefecture.
The initial damage assessment, performed using data from the GEOEYE and WORLDVIEW-2 satellites, showed extensive damage due to the tsunami wave as well as flooding of large areas and the collapse of bridges, dams, and buildings.
